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Abstract 
A quantitative evaluation of the material quality of as-cut wafers with respect to the corresponding solar cell 
performance is the basis for a reliable quality control. A number of techniques have been recently developed with 
most of them using photoluminescence (PL) images as a starting point for the application of various image processing 
methods. 
In this work, a new empirical approach is demonstrated that relies on the analysis of optical images. We investigate 
both optical and PL-images of as-cut wafers using advanced image processing algorithms and compare their 
predictive power when applied to as-cut wafers. While the optical images of as-cut wafers are much easier acquired, 
our results show that they nevertheless can be used for a quantitative rating that correlates with the electrical 
properties of the processed cells. 
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1. Introduction 
A reliable quality control is an important contribution for increasing the cost efficiency in the very 
competitive photovoltaic industry. On the level of as-cut wafers, quality ratings based on PL-images have 
been investigated intensively during the last few years. Image processing algorithms have been developed 
that allow the quantitative determination of edge regions and the extraction of quantities that are related to 
the density of electrically active dislocations. [1, 2, 3, 4, 5, 6] The effective sizes of the edge regions and 
effective dislocation densities obtained from these image processing approaches were shown to correlate 
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with characteristic cell data like the open circuit voltage. Another approach relying on optical images of 
etched wafers after saw damage removal has also been shown to yield a characteristic wafer parameter
that correlates with the open circuit voltage of the corresponding cells. [7]
In this work, we will present new results that are based on the analysis not only of PL-images but also 
of optically obtained images. All spatially resolved data sets are obtained from as-cut wafers without any
further sample preparation like acidic etching. A number of image processing algorithms are applied to
either spatially resolved data set leading to several effective parameters which can be correlated to the
corresponding cell data. In particular, the photoluminescence-images (PL) are used to identify the fraction
of edge regions (ER) and the fraction of high-quality regions (HQ). The optical images (OPT) are 
processed such that grain boundaries can be identified. Effective parameters that are related to the grain
boundary length (GBL) and grain size (GS) are extracted. Additionally, our investigation goes beyond
previously published works by extending the correlation analysis to the short circuit current Isc and the 
open circuit voltage Uoc separately. It is shown how the parameters obtained by the image processing
correlate with the cell data Uoc and Isc individually. The relationship with the cell efficiency is then
established in a straightforward manner as we show that the solar cell fill factors are rather constant for all
cells under consideration due to a mixed and simultaneous cell processing.
2. Image generation and processing
Our analysis is based on an empirical approach using data that can be obtained from as-cut wafers, i.e. 
PL-imaging or optical imaging. The methods are applied to wafers taken from two multi-crystalline 
Silicon ingots. The calculated quantities based on the image processing algorithms, i.e. ER (edge region 
size PL), HQ (high quality area size PL), GBL (grain boundary length OPT), and GS (grain size 
OPT), where then compared to typical cell data, i.e. Isc (short circuit current) and Uoc (open circuit 
voltage), which were measured on cells coming from the direct vicinity of the individual as-cuts wafers, 
see Fig. 1.
Fig. 1. Data analysis scheme: Short circuit current Isc and open circuit voltage Uoc are obtained from a cell; grain boundary length 
GBL and grain size GS are obtained from optical imaging while edge region size ER and high quality area size HQ are determined 
from PL imaging.
2.1. Experimental setup
Wafers and solar cells from two mc-Si blocks are analyzed: block B1 coming from a corner of an ingot
and block B2 coming from an edge side. Around 15 wafers equally distributed over the block height are 
investigated for both blocks. The resistivity of all wafers was measured and PL-images of the wafers were
taken using a BTI-LiS-R1 tool. Optical images of the wafers were obtained by scanning them with a
standard commercially available optical scanner. Alternatively, the optical images could be obtained 
using an inline IR-inspection tool as it is employed in most wafering and cell production lines. While the
PL-imaging requires a rather expensive and elaborate imaging setup the optical images can thus easily be 
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generated. In a further step, the neighboring wafers were processed to cells using a standard cell process
and the characteristic cell parameters, i.e. short circuit current Isc and open circuit voltage Uoc, were
determined.
2.2. Image processing and data analysis
The PL- and optical images are analyzed using different image processing algorithms. First, all edge
regions are identified based on the PL-image using an adaptive threshold algorithm. This algorithm 
separates regions within the PL image that are close to the edges and are characterized by a significantly
lower PL signal than the average PL-value. The fraction of the identified edge region compared to the
total wafer area is described by the parameter ER, see Fig. 2 (middle). The remaining center region is then
analyzed by a second adaptive threshold algorithm which determines the fraction HQ of the area that is
dominated by a low recombination activity, see Fig. 2 (right). This algorithm is independent of the
average PL-signal and therefor of the doping level. The identified HQ-areas are typically related to a 
lower density of structural defects. However, a strict relationship between structural defects and 
electrically active defects is not always given since not all structural defects are electrically active. [8]
Fig. 2. PL-image processing scheme for an as-cut wafer: first the edge regions are identified yielding the parameter ER and then the
high quality areas are identified within the inner region (black pixels in right-most image) giving parameter HQ.
The multi-grain structure of mc-Si wafers is reflected by regions of different grey values in the optical
images. The boundaries of these regions can thus be identified using an image processing algorithm based
on the evaluation of local gradients. The result is shown in the middle part of Fig. 3 where an overlay-
image of the original OPT-data and the identified edges (shown in red) is presented. It yields a
characteristic quantity GBL that is related to the length of the grain boundaries. Based on these boundary
lines, a second algorithm identifies topologically connected areas, see Fig. 3 (right-most image). The
distribution of the size of all identified connected areas is investigated and a key parameter GS extracted 
that describes the typical area size. Other parameters, e.g. the area scale describing the exponentially
decaying size distribution, were also extracted and their correlation with the cell characteristics will be
discussed in a future publication. 
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Fig. 3. Optical image processing scheme for an as-cut wafer: first, lines with large gradients in the grey-value are identified giving
parameter GBL; then topologically connected areas are determined and analysed with respect to their size yielding GS.
3. Correlation of image analysis and solar cell properties
In either case, PL-imaging and OPT-imaging, the image processing aims at a data analysis that 
focusses on the structural properties of the images rather than on a simple statistical analysis. These
properties are then described by single, quantifiable effective wafer parameters which allow a systematic
quantitative correlation of the properties of as-cut wafers and the corresponding solar cells.
3.1. Samples under investigation and solar cell characterization
The image processing and parameter extraction has been performed using a software algorithm that is
capable of automatically analyzing the PL- and OPT-data of many wafers. The effective parameters ER 
(representing the size of the edge region and obtained from PL-images), HQ (being characteristic for the
relative size of the high-quality region, extracted from PL-images), GBL (corresponding to the grain 
boundary length, determined from optical images), and GS (describing the average grain size) were
compared to the cell parameters Isc and Uoc. In order to obtain conclusive results, two ingots were chosen 
that exhibit a very characteristic Isc- and Uoc-profile, see Fig. 4. While block B1 exhibits a rather 
continuous decrease of the short circuit current when going from bottom to top the open circuit voltage
shows a rather prominent minimum at around two thirds of the block height. The wafers and cells coming
from the very bottom are an exception due to the contaminations from the crucible. In contrast, Block B2
shows for both quantities a maximum after around one third of the block height, see Fig. 4 (right).
Fig. 4. Height profile of open circuit voltage Uoc and short circuit current Isc for block B1 (left) and block B2 (right).
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In order to exclude any specific doping or cell process related factors, the resistivity of the wafers and
the fill factor of the cells have been analyzed. It is important to ensure that there is not cell process related 
performance variation when studying the correlation between the material property of the as-cut wafers
and the solar cell performance. A rather sensitive quantity for the analysis of the cell process is given by
the fill factor. It is found that the fill factor remains rather constant over the entire block height while the
resistivity shows the typical decaying trend from bottom to top of block B1. Block B2 shows a similar 
result except that there is a weak trend towards smaller fill factors with increasing block height. The
reason for this fill factor behavior was found to lie in a weakly decreasing shunt resistance. The result of 
this analysis is that neither doping nor cell processing can be a reason for the observed non-monotonic
behavior of the cell characteristics shown in Fig. 4.
Furthermore, it has been verified that our PL-algorithm is capable of predicting solar cell parameters
when being applied to solar cells directly instead of as-cut wafers. This test of the applicability of the PL-
approach is essential when it is to be compared with an approach based on optical images. As a result, we 
find that in the lower third of block B2 there is a significant influence of the edge region described by
parameter ER, see Fig. 5 (left). These edge regions on cell level (which are quantified by our algorithm as
parameter ER) decrease in size with increasing block height and are negligible for the upper two thirds of 
the block. In the lower third of the block they imply a reduction of the short circuit current which thus 
reaches a maximum at around one third of the block height, see Fig. 5 (left). Beyond that point, other loss
mechanisms, which are caused by recombination active defects, start to dominate leading to a decreasing
short circuit current again. These loss mechanisms are characterized by the relative size of the high
quality area described by parameter HQ, see Fig. 5 (right). This parameter obtained by our PL-algorithm 
to cells shows a very good correlation with the open circuit voltage which has been shown by other 
groups using similar algorithms before. [9] Thus, it can be concluded that the Uoc and Isc characteristics of 
block B2 with the maximum at around one third of the block height are caused by the decreasing
influence of the edge area and the increasing influence of the defects that are spread over the entire cell.
  
Fig. 5. Block B2 height profile of short circuit current and edge area fraction ER (left); height profile of open circuit voltage and 
high quality area HQ (right).
Having checked that our PL-algorithm works well on cell level, we have applied it to as-cut wafers in 
order to compare its predictive power with results one can obtain from algorithms that are based on 
optical images.
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3.2. Predictive power of photoluminescence imaging on as-cut wafers
When analyzing PL-images it is important to apply image processing algorithms that are independent
of the overall trend which is given by the PL-signal averaged over the entire wafer as this average is
mostly determined by the doping profile within the block. This correlation can be seen in Fig. 6. Hence, it 
becomes clear that simple quantities like the average PL-signal cannot be expected to yield correlations to
the Uoc and Isc profiles shown in Fig. 4. Besides the doping concentration, the effective minority carrier 
lifetime is the second important contribution to the PL signal. This is reflected, for example, by the large
deviations between the PL signal and the doping concentration at the lower parts of the ingots, see Fig. 6.
It has to be noted, that the measurable effective lifetime correlates to the bulk lifetime only for very low 
lifetimes due to the small thickness and the large surface recombination of the as-cut wafers. [10] Hence, 
the PL-signal variation caused by the bulk lifetime of as-cut wafers is rather low. Nevertheless, it is the
bulk lifetime and not the measurable effective lifetime that influences the cell efficiency.
Fig. 6. Height profile of doping concentration (calculated from resistivity measurements) and average PL-signal for block B1 (left)
and block B2 (right).
A more advanced approach for the evaluation of spatially resolved PL-measurements is based on the
detection of edge areas within the ingot that were close to the crucible. The height profile of this edge
area size of as-cut wafers (parameter ER) is compared to the short circuit current as shown in Fig. 7.
When analyzing the results for block B2, it becomes clear that the edge regions on wafer level, see Fig. 7
(right), are significantly different from the edge regions found on cell level, see Fig. 5 (left). This is
caused by the cell process that effectively reduces these edge regions. It furthermore implies that the edge
regions determined on as-cut wafers by PL-imaging do not have a significant predictive power for the cell
parameters. In particular, there is no correlation between the disappearance of the edge regions on wafer 
level and the maximum found for the short circuit current. For block B1, the size of the edge regions on
wafer level decreases continuously with the ingot height. This would indicate an increasing short circuit 
current, however the opposite trend is observed for block B1, see Fig. 7 (left). Hence, it can be concluded 
that the edge regions that are detected by the PL-algorithm on wafer level are more or less completely
insignificant on cell level where other loss mechanisms like recombination active defects that are spread
over the entire wafer area dominate.
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Fig. 7. Height profile of short circuit current and edge area fraction ER obtained from PL-image analysis for block B1 (left) and 
block B2 (right). 
Secondly, the relation between the quantity HQ (obtained by PL-imaging and being qualitatively 
related to high quality areas) and the cell parameters is investigated. The result is presented in Fig. 8 and 
shows that in case of block B1 the extracted parameter HQ follows closely the open circuit voltage Uoc. 
This rather close correlation holds true for block B1 while it does not for block B2. The second block 
exhibits an Uoc  HQ  correlation for the lower third of the block only. Again, this discrepancy between 
the HQ-parameter determined by PL-imaging on as-cut wafer level, see Fig. 8 (right), and the same 
quantity on cell level, see Fig. 5 (right), is caused by the cell process which activates certain defect types. 
[8] Whether this effect occurs, like for block B2, or does not occur, like for block B1, depends on the 
material itself. Thus, in general a high predictive power of a PL-based image analysis is not always 
granted and depends on the material and its prevalent defect types. 
 
    
Fig. 8. Height profile of open circuit voltage and high quality area fraction HQ obtained from PL-image analysis for block B1 (left) 
and block B2 (right). 
In the final analysis, we compare these findings that were obtained on as-cut wafers using PL-imaging 
with our new approach based on the technically much simpler optical imaging. 
3.3. Evaluation of effective wafer parameters obtained by optical imaging of as-cut wafers 
Our analysis of the optical images is based on the effective parameter GS which is related to a typical 
grain size obtained from the distribution of all grain sizes within a wafer. The correlation of the typical 
grain size GS obtained by an optical imaging with the open circuit voltage Uoc is shown in Fig. 9. Block 
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B1 shows a clear correlation between Uoc and GS, in particular both quantities show a minimum at the 
same position within the ingot. At the very bottom of the block this correlation cannot be established 
since the ingot contaminations due to the crucible are not directly reflected in the optically visible 
material structure. Excluding this region at the very bottom of the ingot, the result implies that the grains 
are not only a structural property but also influence the electrical cell properties in a rather direct manner. 
On the other hand, a similar correlation can be found for block B2 within the lowest third of the block 
only. At higher block positions, the extracted typical grain size GS remains rather constant while some 
other material effect appears to dominate the electrical properties characterized by Uoc. When studying the 
correlation between the inverse grain boundary length 1/GBL and the open circuit voltage a very similar 
result can be found. This is intuitively clear as the grain size and the grain boundary length are strongly 
correlated as long as the grains do not exhibit any special geometric shapes. 
Comparing these findings based on optical imaging, see Fig. 9, with the results obtained from PL-
imaging, see Fig. 8, one finds that our novel approach using the optical images has the same predictive 
power as the PL-imaging does. Blocks for which the PL-approach yields reasonable correlations, i.e. 
block B1, exhibit an equally good correlation when applying optical imaging. On the other hand, blocks 
where the optical approach fails to predict the cell parameters, i.e. block B2, show the same lacking 
correlation for the PL-approach. 
 
    
Fig. 9. Height profile of open circuit voltage and grain size indicator GS for block B1 (left) and block B2 (right). 
 
4. Conclusions 
A new approach for a solar cell performance prediction based on advanced image processing 
algorithms for as-cut wafers has been investigated. To this end, two different types of spatially resolved 
data sets have been analyzed: images obtained by photoluminescence measurements and optical images 
of as-cut wafers. The optical images are obtained with much less technical effort than the 
photoluminescence images. Nevertheless are capable of yielding similar information related to the cell 
performance although they do not yield any direct information on the electrical material properties. In 
particular, we found a correlation between the optically detected grain size and the open circuit voltage 
which is of equal predictive power than an approach based on photoluminescence imaging. In contrast to 
the optical imaging approach, the photoluminescence images of as-cut wafers allow the determination of 
edge regions that are contaminated by the crucible. However, these regions are strongly changed during 
the cell process such that the information about the size of the edge regions obtained by 
photoluminescence measurements does not allow a prediction of the cell performance. While some 
material types can be characterized rather well predicting cell parameters both approaches  
198   Marko Turek and Dominik Lausch /  Energy Procedia  38 ( 2013 )  190 – 198 
photoluminescence imaging and optical imaging  fail in a similar way for other material types. This is 
caused by the cell process that is applied to the as-cut wafers and causes the activation of certain defect 
types as well as the reduction of the contaminated edge regions that were close to the crucible.  
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